Our and literature studies indicated that systemic acquired resistance (SAR) is effectively inducible in greenhouse, and certain artificial light sources cause non-optimal growth of tobacco plants. Therefore, the morphological characteristics, local and systemic resistance response of N. tabacum cv. 'Xanthi' nc plants (harbouring NN resistance genes) to tobacco mosaic virus (TMV) infection under three artificial light sources with different spectral distribution were compared with greenhouse conditions. Statistical analysis of data was carried out by R package (R Core Team, 2015) . Generally, artificial light sources (especially fluorescent tube and halogen lamp) decreased the local resistance response and caused substantial morphological and developmental differences as compared to greenhouse conditions when plants were kept during their entire life (lifelong experimental regime) under these conditions. On the contrary, no or much less differences were found when plants were transferred from greenhouse to artificial light sources only at six leaf stage (short experimental regime). While induction of SAR frequently decreased TMV lesion size by about 50-60% under greenhouse conditions, two of the three artificial light sources, fluorescent tube and halogen lamp were substantially and significantly less effective under short experimental regime conditions (25-35%). A metal halide light source with similarity to sunshine's spectral distribution, however, partially mimicked the effect of greenhouse conditions indicating the importance of light spectrum among other factors in SAR induction and prevention of distorted growth of plants. Consequently, the optimization of the effect of artificial light sources is an important factor in experimental design studying signal transduction and biochemistry of SAR.
Introduction
Light is one of the indispensable stimuli for plant growth and development. Light responses are responsible for deetiolation (chloroplast development), flowering and phototropism (Kami et al., 2010) . These responses begin with signal perception by phytochromes as red-light photoreceptors and cryptochromes or phototropins as blue-light/UV-A receptors. The signalling downstream of photoreceptors regulates the biosynthesis of a number of phytohormones such as auxins, gibberellins, brassinosteroids, ethylene and cytokinins (Vandenbussche et al., 2005) .
Light can influence many other plant responses including resistance to pathogens. In the last decades research has revealed several biochemical, molecular and genetic factors relevant to the development of systemic acquired resistance (SAR) (Shah and Zeier, 2013) . More recent efforts have focused on identifying the mobile signal components of SAR responsible for the induction of broad-range resistance in the distant, noninfected, "systemic" leaves (Dempsey and Klessig, 2012; Shah et al., 2014; Nagy et al., 2017) . Much less attention was paid to the characterization and optimization of environmental factors involved in the fine regulation of SAR. The first report on tobacco mosaic virus (TMV) induced SAR development and subsequent studies reported 70-80% inhibition of mean lesion size (or even symptoms invisible to the naked eyes) under greenhouse conditions (Ross, 1961; Vernooij et al., 1994; Ádám and Nagy, 2016) . Sometimes the accurate detection of lesion with small diameter (under 1 mm) in the plants with SAR was not possible (Pallas et al., 1996) . Later studies under artificial but regulated light conditions reported only 25-45% decrease in the mean of viral (TMV) lesion diameter after SAR induction (Manosalva et al., 2010; Liu et al., 2011a Liu et al., , 2011b Nagy et al., 2017) .
other part of plants remained in the greenhouse during the whole experiment (lifelong experimental regime, LER); ii) in other type of experiment one part of plants was moved from greenhouse to different light sources only at the start of SAR induction (5-6 fully expanded leaves, short experimental regime, SER). During both experimental regimes resistance responses were evaluated. In order to induce SAR, the four bottom-most leaves were inoculated with the U1 strain of TMV as described earlier (Ádám et al., 1990) . After one week incubation the development of SAR was detected and evaluated on the leaf level 5-6 by challenge inoculation with TMV. The artificial light sources were as follows: 36 W fluorescent tubes (FT, Fluora, Osram, Germany), 70 W halogen lamps (HL, Tungsram, Hungary), 250 W metal halide lamp (MHL, Arcstream, General Electrics, Hungary). Light spectral measurements were carried out by using a hand-held spectrometer, Qmini (RGB Lasersystems, Kelheim, Germany). The measurement principle of mobile spectrometers is based on diffuse reflectance spectroscopy. It has been widely used in terrestrial spectroscopy and spectral proximal sensing for decades (Milton, 1987) . The spectral range from 200 nm to 1015 nm with a spectral resolution of 0.327 nm was measured.
Stastistical analysis TMV lesion development was evaluated with ImageJ 1.48v analysis software as described earlier Nagy et al., 2017) . Statistical calculations were carried out with R (R Core Team, 2015) . For comparison of morphological and developmental characteristics, t-test was applied. If the data were not normally distributed, t-test was replaced with MannWhitney rank sum test (Supplementary Table 1 ). The ShapiroWilk w-test for normal distribution of lesion size was calculated using function 'shapiro.test' with its default settings. For comparison of sample means, a multiple comparison procedure was used with the R package multcomp (Hothorn et al., 2008) . This method tolerates well the heteroscedasticity of samples (unequal variances, non-normal distribution of data, and unbalanced group sizes often present in biological datasets) (Herberich et al., 2010) . In order to analyse the difference in dicrease of TMV lesion size due to different light sources during SAR we compared the mean lesion size on SAR induced plants to their corresponding controls. As a standardized effect size, the proportion of lesion size on SAR induced and control plants was calculated. This calculation makes the effect sizes comparable even if the lesion size on control plants grown under different light sources differ. Confidence intervals of these proportions were determined with 5000 bootstrap resampling of the datasets with custom R scripts (Efron, 1979) . TMV lesion size distributions of treatments were also calculated with function 'density' of R with its default settings.
Results and Discussion
Comparison of the effect of different light sources on the development of plants and local resistance response to TMV infection First the effect of the different light sources with different spectral distribution and greenhouse (GH) conditions on plant growth and development were compared ( Fig. 1 In order to further characterize and optimize the effect of light quality (spectral distribution) on local and systemic (SAR development) response to TMV infection, we compared in this experiment the effects of three different artificial light sources with greenhouse conditions. Preliminary data suggested that cool white or daylight fluorescent tubes (FT) with shortage of red and far red light constituents, result in dark green and very "compact" plants with short internodes. Therefore, we have chosen an FT light source planned for plant growth. In addition, halogen lamp (HL) and metal-halide lamp (MHL) were also investigated.
Materials and Methods
Biological material and cultivation conditions Nicotiana tabacum cv. 'Xanthi' nc plants grown in a 50-50% mixture of peat and soil were used in all experiments. Seedlings were planted in their final pot when the first two true leaves reached about 5 mm in diameter. Induction of SAR started when tobacco plants developed 5-6 fully expanded true leaves in greenhouse (but plants under FT and HL lights produced only four leaves by this time) ( ). PAR intensity was measured with a BQM-SUM quantum meter (Apogee Instruments, UT, USA). However, the light intensity at summer in the greenhouse was inevitably higher (regardless the shade applied) with daily fluctuation of temperature between minimum (18 °C) and maximum (28 °C). The orientation of the long axis of the greenhouse was SE-NW, in Budapest. Supplementary Fig. 1 ). The abundance of red light putatively acts as stimulant of stem elongation (Tsuchida-Mayama et al., 2010) . Far red light, however, blocks germination by promoting abscisic acid synthesis (Piskurewicz et al., 2009) . MHL light source compensated well most of the developmental characteristics (especially number of leaves, shoot mass and length) as compared to GH conditions (Figs. 1 and 2, Supplementary Table 1). However, the highest root mass was found under GH conditions (Fig. 1, Supplementary Table 1 ). Among spectral distributions of light sources used, MHL was the most similar to sunshine in the greenhouse (Supplementary Fig. 1 ). These metal halide lamps were successfully applied either in greenhouses or phytotrones (Duke et al., 1975; Tischner and Vida, 1981) .
Experimental design
Since the lifelong experimental regime (LER) in two of the three light sources studied was not fully satisfactory in growth and development of tobacco plants (Figs. 1 and 2 , Supplementary Table 1), the two growth regimes, LER and SER were compared in the next experiments. Generally, both growth regimes, LER and SER under artificial light sources decreased the local resistance of plants to TMV infection as compared to GH conditions (Fig. 3a, b) . As indicated in lesion size distribution curves (Fig. 3a) , when plants developed under LER, artificial light sources significantly decreased the local resistance response to TMV infection as compared to GH conditions ( Fig. 2 inserts, Fig. 3c, Supplementary Table 2 ). HL light source caused the highest increase in mean diameter of TMV lesions (2.784 ± 0.072 mm as compared to 1.197 ± 0.019 mm of greenhouse plants) and margins of lesions were not well characterized (Fig. 2b insert, Fig. 3a , c and Supplementary Table 2 ). Less but significant differences were found between GH and artificial light sources when plants were transferred from GH to different artificial light sources only after TMV infection for SAR induction (SER) (Fig. 3b  and d ). There are some fluctuations in lesion size distributions of GH plants of SER and LER experiments (Fig. 3a, b) , but the fact that under SER conditions significant differences among different artificial light sources were not detectable (Fig. 3d) suggests the role of the length of irradiation with different light sources. Thus, the differential effect of the two growth regimes on local resistance response indicates the role of putative preformed long-lasting factors in resistance regulated at least in part by different spectral distribution of light sources. For SAR experiments, however, we chose SER conditions. This is explained among others by two main factors: i) under SER conditions developmental differences with different light sources were not detectable or less pronounced (data not shown) and ii) the difference in local resistance response to TMV infection under different light sources was also less pronounced ( Fig. 3b and d) .
The effect of different light sources on SAR induction capacity of plants
As compared to GH conditions, light sources with different spectral distribution influenced not only local resistance response but SAR induction capacity of plants as well (Fig. 4) . After induction of SAR, the effect size (proportion of Table 2 ). As it was predictable from the spectral analysis, GH and MHL lights were relatively close to each other and so was their effect on SAR induction capacity ( Fig. 4a and b) . In addition, HL and FT lights had deficiencies in their spectra compared to natural light (GH), and their effects were also reduced (i.e. manifestation of SAR decreased). Thus, bootstrap confidence intervals in Fig. 4a and b clearly indicate that GH conditions and MH light source significantly differ from FT and HL light sources. Despite the fact that under GH conditions lightdependent factors (for example seasonal fluctuation in photoperiod) and other environmental factors than light also can influence SAR induction, the results presented and the spectral similarity of MHL to sunshine ( Supplementary Fig. 1 ) suggest a specific spectral distribution of light that promotes SAR induction.
Besides the present studies on spectrum of light sources, other light dependent factors were studied during SAR induction. For example duration of light radiation after bacterial infiltration influences the quality of signal transduction pathway(s) activation and the strength of SAR development afterwards (Attaran et al., 2009; Liu et al., 2011a) . Moreover, lack of light (darkness) can completely inhibit bacterium-induced hypersensitive response and development of SAR and accumulation of salicylic acid (SA) in distant leaves in Arabidopsis (Zeier et al., 2004) . In addition, phytochrome signalling also modulates salicylic acid dependent SAR activation in Arabidopsis (Genoud et al., 2002) . However, it is unclear at present and needs further studies whether spectral distribution of light influences SAR development via phytochrome signaling.
Conclusions
Our results clearly indicate that spectral distribution of light sources influences i) plant growth and development, ii) local resistance response to TMV infection and iii) SAR inducing capacity of tobacco plants. Certain light sources (FT and HL) with unbalanced light spectrum had negative impact on plant growth and development, local resistance response (especially under LER conditions) and SAR induction capacity of plants under SER conditions. However, the most optimal conditions for either plant development or SAR induction capacity were still detectable in the greenhouse. Strong plant responses are especially important features if phenotypes of SAR minus mutant plants or signalling processes are tested. On the other hand, experiments with tobacco draw the attention to optimized growth of plants that could be a more difficult problem with rosette-shaped plants. Therefore, in addition to exact detection and comparison of symptoms' expression after SAR induction (Nagy et al., , 2017 , optimization of the effect of artificial light sources is also an important factor in experimental design studying SAR. Shapiro-Wilk normality test. The p value refers to the probability of the hypothesis that the data indeed originate from normal distribution. 
